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Abstract 
Polycrystalline metallic materials are made of an aggregate of grains more or less well-oriented, with respect to the loading axis,
for plastic gliding. Under mechanical loading, this leads to a heterogeneous deformation at the microstructure scale. This local
plasticity, linked to fatigue damage, triggers a heterogeneous thermal dissipation linked to mechanical irreversibilities. Some
original experimental works enabling the simultaneous determination of thermal and strain fields, in the same area, at the 
microstructure scale have already been realized in the laboratory on a A316L steel [1]. Two complementary ways have now to be 
followed: some additional numerical treatments in order to access experimental sources of dissipation and the development of the
corresponding constitutive modeling at the grain scale. This second aspect is presented in this communication and concerns the 
implementation in the ABAQUS FE code of a constitutive model in large deformations and in coupled crystalline 
thermoplasticity. Using a fictive microstructure, based on a random distribution of, crystallographic orientations, and grain sizes, 
it enables to compare the kinematic and thermal distributions during monotonic tests, study the heterogeneity of stored energy at 
grain scale and test the consistent of behavior law under cycle numerical loading. Experimental analysis and simulation of 
thermomechanical coupling at the grain scale, seen as the sign of local damage, could lead to the definition of new 
thermodynamically based fatigue criteria. 
Keywords: Stored energy, thermomechanical couplings, UMAT, fatigue 
1. Introduction 
Crack initiation prediction is a key feature in fatigue design. In this aim, many theoretical developments were 
done in the last decades and this conducted to different fatigue criteria. High Cycle Fatigue (HCF) criteria are then 
generally stress tensor based while Low Cycle Fatigue one are often defined from strain variables [2]. A lot of works 
were done since many years in order to improve such approaches. In fact, an alternative way consists in considering 
energetic approaches based on the plastic dissipation in order to draw a link between plasticity mechanisms and 
crack initiation. Then, in order to establish a common approach in HCF and LCF, the link between the different 
parts of the energy generated by the cyclic plastic activity and the crack initiation is studied [3]. More particularly, 
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self-heating tests are often considered in order to distinguish different dissipative regimes [4]. Even if these tests 
generally allow to determine the endurance limit of the considered material [5], they present some inconvenients as 
they are based on macroscopic measurements. For example, on forged steels, damage can be anisotropic which 
conducts to very different fatigue limits depending on the orientation of the specimen with respects to the loading. 
However, in this particular case, self-heating tests exhibit the same dissipative regime, independently from this 
orientation and are not able to represent the damage anisotropy [6]. Therefore, it seems interesting to consider such 
energy balance at the microstructure scale where the strain localization occurs in order to define, in the future, an 
energy based crack initiation criterion. Such an energy balance coming from full-field measurements was already 
conducted at a macroscopic scale [7]. Such data are necessary to validate models and, more particularly, hardening 
laws as recently done at the macroscopic scale by Vincent [8] for common phenomenological models. More 
recently, mechanical tests were conducted on a 316L austenitic stainless steel with coupled kinematical and thermal 
measurements [1] allowing to dispose on the strain and thermal fields simultaneously and on the same area at the 
grain scale. One of the main conclusion of these tests is the great local heterogeneity, at each instant, on strain fields 
as well as on thermal fields mainly due to microstructural effects (crystallographic orientations, grain size …). It is 
well known that the plasticity phenomenon at this scale is due to dislocation based deformation mechanisms and 
these one induce energy storage/release steps depending on the dislocation motions and structures. The objective of 
this paper is to confront fully coupled measurements of kinematic and thermal fields at grain scale to a first 
numerical approach based on dislocation based constitutive models. First, the fully coupled measurements technique 
is described and some results are presented. Next, the constitutive models and the thermomechanical framework are 
introduced, and some results of simulation under monotonic and cyclic loadings are discussed. 
1.1. Experimental procedure 
The experimental device and results presented in this section are taken from Bodelot's works [1]. It presents an 
original experimental device able to study, in the same region, deformation and thermal fields at the microstructure 
scale.
1.1.1. Kinematic and thermal measurements 
Strain fields are obtained thanks to DIC (Digital Image Correlation) performed with CorreliLMT (developed at 
the "Laboratoire de Mécanique et Technologie" of Cachan in France) on images of the deforming sample covered 
with a speckle pattern. Details about the DIC algorithm CorreliLMT are exposed in [9]. Images are grabbed during 
the test thanks to a Jai CV-M4+ CCD camera featuring a 1368 x 1024 matrix of detectors, each sizing 6.45 μm × 
6.45 μm. To access the microstructure scale, a high magnification is obtained using a 50 mm lens and extension 
tubes. The resolution of the sthenic fields is 104 μm x 104 μm while computing DIC on 16 x 16 pixels subsets of the 
images and the precision on strain values is 0.1%. 
Temperature fields are obtained by IRT (Infrared Thermography). The sample is filmed by a focal plane array 
Cedip Jade III MWIR camera, whose matrix is made of 320 x 240 detectors. This camera is used with a high 
magnification lens leading to a spatial resolution of 30 μm x 30 μm for the temperature fields. In this study, the link 
between the infrared radiation received by the camera and the temperature of the object is established thanks to a 
blackbody through a calibration procedure applied on each detector of the camera, which give a precision of 0.03°C. 
1.1.2. Principle of the coupling 
Since we are interested in the microstructure scale and the microstructure is different from one face or location to 
the other of a flat specimen, the same area of the sample has to be observed simultaneously by both cameras while 
taking into account that both arrays of detectors must remain parallel to the image of the sample surface to avoid 
introducing any distortion in the measured fields. To achieve a fully-coupled observation of the same zone, a 
dichroic mirror is placed in front of the sample, making an angle of 45° with the normal to its surface. Thanks to its 
filtering properties, the dichroic mirror transmits the infrared radiation towards the infrared camera, located in front 
of the sample and reflects the rest of the radiation, including the visible radiation, to the CCD camera which is 
perpendicular to the normal to the sample. To perform coupled measurements a special coating was designed and 
applied on the sample, meeting requirements of both measuring techniques with the magnifications used. When 
observed by the CCD camera at high magnification, it reveals a speckle aspect covering a large range over the grey 
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scale. Meanwhile its emissivity remains high and uniform (close to the one of the blackbody used for calibration) 
when observed by the infrared camera at high magnification. While strain fields obtained by DIC are expressed in 
the undeformed configuration, thermal fields are those of a deforming body. The DIC displacement data allowed us 
to track the displacement of material points in front of the infrared array in order to express the temperature fields in 
the undeformed configuration. Finally the data are fully-coupled insofar as both fields correspond to the same zone, 
at the same time and are expressed in the undeformed configuration. 
1.2. Results under monotonic tension test 
As previously described, fully coupled measurements at microstructure scale were performed. Local data such as 
mechanical and thermal fields during monotonic and cyclic test associated to a cartography of localization of slip 
bands are available and constitute precious data to improve numerical model. Nevertheless, in a first step, only mean 
quantities and distributions during monotonic test will be introduced in this brief section. 
A displacement controlled monotonic tension test with a constant strain rate of 5.10-3 s-1 has been realized. The 
evolution of mean stresses is presented on Figure 1 and the conventional yield stress at 0,2% of strain is 233 MPa.
The analysis of axial deformation field shows a great heterogeneity in the observed region. On the other hand, 
thermal fields are more homogeneous due to the thermal diffusivity of material. It has been proved, by comparison 
with the observation of the microstructure after the test, that: (i) the highest deformation zones correspond to the 
more deformed grains, (ii) the highest temperature zones, even if they are larger due to the diffusion, could be linked 
to regions where the density of very deformed grains is the most significant at the end of the test [1]. In this study, 
we focus on mean values of fields and on their deviation in order to analyze the relative heterogeneity. The 
evolutions of mean strain and temperature fields and the heterogeneity of deformation and temperature are presented 
on figure 1. 
We note, in a first step, a drop in temperature between points E1’ and E2’, both are located in conventional 
elastic domain, followed by a rise between points P1’ et P2’. This corresponds in a first step to a thermoelastic 
coupling and, in a second step, to the dissipation associated to plasticity [1]. We observe that the axial deformation 
and temperature distribution are characterized by a Gaussian function with a significant deviation rise on 
deformation and that numerous grains are in contraction which is certainly due to an effect of local texture. 
Figure 1: Average experimental results and distributions of stress, strain and temperature in A316L under monotonic tension test
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The objective of the numerical model, proposed in the next part, is then to be consistent with thermal and 
deformation measurements on mean values as well as on distribution in order to give a first estimation of local 
energy sources during plasticity process. 
2. Finite element model 
2.1. Polycristal behaviour based on dislocation densities 
The elasto-visco-plastic polycrystal model assumes, in the framework of large plastic deformation and small rotation 
[10] an additive decomposition of the elastic and visco-plastic strain rates, De and Dp. This framework is used since 
lattice rotation plays an important role in the slip system activation. The resolved shear stress sW  acting on a 
particular slip system s is given by the relation where  is the stress tensor in the grain (g) and mssg
s m:VW  sgV s
is the orientation tensor attributed to the slip system (s):  sssssm  vnv 
2
1 n
s
. ns and vs are the slip plane 
normal vector and the slip direction vector in this plane. Cubic elasticity is considered and can be described using 
only three parameters (C11, C12, C44) instead plastic strain is assumed to be solely due to crystallographic 
dislocation flow. The resolved shear stresses on each slip system are linked to applied loading on the grain by 
Schmid’s law and related to shear strain rate 
W
J by a power law: 
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reference plastic strain rate and the rate sensitivity exponent. This kind of formulation was used for example in [11]. 
Isotropic hardening is expressed as function of dislocations density on slip systems i and their interactions by 
means of matrix :
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WhereP , b and 0W respectively are the shear modulus, the Burger's vector intensity and initial shear stress. For the 
kinematic hardening we consider here, in first approximation, a Prager's kinematic hardening [12] linearly linked 
with shear on slip systems: 
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Evolution of dislocations density is governed by an accumulation term based on Orowan's relationship and was 
balanced by an annihilation term which takes into account dynamic recovery during deformation. are the 
sua
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coefficients of geometrical interaction between dislocations,   is proportionnal to the annihilation distance of 
dislocation dipoles, and  is the average free path of mobile dislocations on the system (s) and is linked to the 
grain size (D). The values of the constitutive parameters described above can be obtained in the literature [13] [14] 
[15]. 
cy
sL
2.2. Thermodynamic framework 
As introduced previously for strain rate, the free energy \ is divided into two parts including contributions from 
thermo-elasticity and strain-hardening. Therefore, the Helmholtz free energy is assumed to be of the form: 
)((),,( i
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i
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Where Į i are internal variables governing strain-hardening. According to the first and the second thermodynamical 
principles [16] the intrinsic dissipated power D and the thermo mechanical coupling power Pthm function of the free 
energy potential \ are given by: 
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thermomechanical coupling power since there are linked to phase transformation which no occurs during monotonic 
or cycle tests at room temperature. Dissipated power is the difference between dissipated plastic energy and stored 
energies in one volumetric element, by the dislocations fields. According to this fact and by analogy with the 
introduced framework the intrinsic dissipation is supposed to be the following: 
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Where: ssp J  ,  and s are sliding system. In a first step, the crystallographic cubic symmetry is not 
taken into account in the energy balance and the elastic and thermal expansionary properties of material are assume 
to be isotropic. In this case, with respect to the classical definition [16] the free energy potential composed by 
contributions from thermo-elasticity could be writing: 
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Where D and respectively are the dilatation coefficient and the specific heat at fixed strain. Therefore the 
thermomechanical sources are the sum of both terms: 
HC
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2.3. Development of a User-MATerial subroutine 
The crystal plasticity constitutive theory and its associated thermodynamic frameworks are not provided as 
standard in any of commercially available finite element analysis software. It is therefore necessary to implement 
the theory in the form of a User-defined stress update algorithm. This subroutine use the finite element code 
ABAQUS/standard, an implicit solver, and is written in Fortran 77. It implements the model in term of stress update 
algorithm which is called at each integration point, for each time increment during a finite element simulation. The 
non linear coupled system is solved by a Newton method. This pattern introduces a non symmetric jacobian matrix: 
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In a first step no fully coupled calculation is considered. In result, local variables linked to , are considered 
as null. Therefore, at scale of integration point, Abaqus only need the calculation of 
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In the framework of crystal plasticity, V  is determined from shear calculation. By definition, the increment of shear 
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With i the number of iteration. For further details concerning numerical scheme used and the meaning of variables, 
we invite interested readers to refer to [19]. 
Finally, concerning the input and output variables, at the beginning of every iteration of analysis, 
ABAQUS/standard provides the subroutine with the logarithmic, strain and strain increment, )(tH , )( tt ''H  within 
finite strain framework, temperature and temperature increment at the next increment, , , stress update at 
the lastest increment, 
)(tT )(tT'
)(tV' , and state variables which correspond to all needed internal variables. 
2.4. Comparison between numerical and experimental study and discussion 
2.4.1. Model
A polycrystalline thermo-elasto-plasticity 3D finite-element model has then been developed, corresponding to a 
316L austenitic stainless steel thin specimen. The model is, for the moment, a simplified representation of an eighth 
of the specimen center region, containing about 20 grains (cf. Figure 2). It represents a random heterogeneity of 
grain morphology and crystallographic orientation. Range of grain size and crystallographic orientation respectively 
are [0.2mm3, 2.5mm3] and [0°, 45°]. Apart from the grain orientations, same properties are considered in every 
grain and every slip direction at the beginning of the test and the model does not take into account the behaviour of 
grain boundaries. Finally the model is composed by about 2500 tetrahedral elements C3D8RT. In future works the 
model will take into account the real morphology, number, and orientation of grain using E.B.S.D analysis of 
specimens used in experimental investigations. It is clear that, as soon as these data will be available, this step will 
allow a real comparison between mechanics and thermal fields at the grain scale. 
Figure 2(b) and (c) respectively present the mechanical and thermal boundary conditions and loadings. The 
model is composed by 3 mechanical symmetries along the 3 normal directions. These symmetries are thermally 
modelled by thermal flux equal to zero. The convective exchange with the air is introduced on faces 1 and 2 (cf. 
Figure 2(c)) and the loading is applied on face 3. Two kinds of loadings have been simulated with this E.F. model: 
monotonic tensile tests to compare the accuracy with significant experimental results and tension compression cyclic 
test to improve the constitutive law under reversed loadings. 
Figure 2: F.E model - (a) microstructure (b) mechanical boundary conditions (c) thermal boundary conditions 
2.4.2. Monotonic tension test 
A displacement controlled monotonic tensile test is simulated until 3.5% of strain with the boundary conditions 
previously described. Several results are compared at 2.5% of deformation which corresponds to the experimental 
P'2 event. Figure 3(a) gives the mean evolution of stress, strain and temperature during the test. At 2.5% of 
deformation the stress is about 265 MPa and the difference in temperature compared to the initial value is about 
0.95°C. This is consistent with experimental results (cf. Figure 1) concerning the yield stress and hardening 
evolution. Nevertheless the average temperature is overestimated about 0.1°C more. This could be explain by the 
simplicity of boundary conditions which are, for example, adiabatic on the upper face of the model instead of taking 
into account for significant thermal leak through the upper grip [5] [7]. 
R. Seghir et al. / Procedia Engineering 2 (2010) 1155–1164 1161
8 R. Seghir et al.  / Procedia Engineering 00 (2010) 000–000 
Finally, the temperature is consistent with the thermo mechanical couplings: initial drop and then a rise due to 
plastic dissipation. Figure 3(b) introduces results concerning average deformation energy and its part stored in 
material by dislocation flow. Five curves are represented: the total plastic deformation energy which level is about 
8.5mJ/mm3 at 3.5% of deformation, the part of this quantity which is dissipated in heat form which tend to 90% of 
plastic energy (in line with the traditional assumption), the stored energy coming by isotropic and kinematic 
hardening, about 0.5mJ/mm3, and finally the thermo-elastic coupling, about -1mJ/mm3. These results are, for 
example, in line with results of [20] even if our model seems to underestimate the stored part which conducts 
therefore to an overestimation of the temperature on Figure 3. Furthermore, the stored energy by kinematic 
hardening is more significant than energy stored by isotropic hardening. The consequence is a linear evolution of 
total stored energy and consequently a lack of saturation. 
Figure 3: Average evolution of (a) stress, strain temperature and (b) energy in polycrystalline steel during monotonic tension test
Moreover, the main interest of the numerical model is the possible study of the local heterogeneity which 
corresponds to the Figure 4(a) to (d). It gives the heterogeneity of stresses, temperatures, stored energies and 
deformation on the specimen face. This reveals a strong heterogeneity on the elastic domain as well as on the plastic 
one. More particularly, at 2.5% of average deformation, the heterogeneity is about 290 MPa on stress, 1.2°C on 
temperature, 0.2 J/mm3 on stored energy and about 2% on strain. This behaviour is qualitatively consistent with 
previous results of [21] concerning aggregate calculation which are in contradiction with traditional assumption of 
homogeneous stress or strain at macroscopic scale. 
Figure 4: Local evolution of (a) stress (b) strain (c) temperature (d) stored energy in polycrystalline steel during monotonic tension test 
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Nevertheless, compared to the experimental results, the heterogeneity of deformation is divided by two instead 
heterogeneity of temperature is twice. This could be due to too simple mechanical and thermal boundary conditions. 
2.4.3. Cyclic test 
Similarly, a cyclic tension-compression test with a strain between [-0.6%, 0.6%], is simulated and the 20 first 
cycles are studied.  We observe on Figure 5(a) a saturation of stress after the second cycle and a hardening until a 
stabilized cycle between [-320 MPa, 370 MPa]. It well exhibits the coupling between isotropic and kinematic 
hardening. Figure 5(b) presents the evolution of temperature variations from 0 to 16°C. It clearly shows thermo-
elasto-plastic coupling phenomenon but, as previously described, because of adiabatic boundary conditions and 
underestimation of stored energy, the temperature rise is too important compared with experimental data [21]. 
Figure 5 (c), (d) and (e) present local data. The first one shows the evolution of distribution in strain which becomes 
more homogeneous cycles after cycles and its scatter larger in [-2%, 2%] interval after 20 cycles whereas average 
strain remains the same. The last one presents the maximum and minimum envelope of energy, as well as the 
average, stored by isotropic (d) and kinematic (e) hardening. It first shows a great heterogeneity in both cases. 
Contrary to the monotonic test, the model shows that the isotropic hardening is more significant in the storage of 
energy under low cycle fatigue than under monotonic test. Nevertheless, note that this result is closely linked to 
kinematic hardening flow which is in our case very simple. 
Figure 5: Evolution of average and local quantities in polycrystal during cycles of loading: (a) Evolution of average stress function of 
average strain (b) evolution of average temperature (c) evolution of strain distribution strain (d) evolution of stored energy by kinematic 
hardening and (e) by isotropic hardening 
The interest of such simulations is to be able to link the stored energy quantities to physical variables as dislocations 
densities. The important question is the link between energy storage and localization process and after, to damage 
initiation. One of the difficulties here is the great dependence of the results to the chosen model and its parameters 
[8]. The next step of this work is therefore to focus on the hardening laws definition, with a particular attention to 
production/annihilation processes and temporary energy storage. 
3. Conclusion 
Original experimental works enabling the simultaneous determination of thermal and strain fields, in the same 
area, at the microstructure scale and experimental results under monotonic tension test has been presented. An F.E 
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model based on constitutive theory of dislocation density under large deformation was introduced. It enables 
thermomechanical simulation tests under monotonic and cyclic loading. Results in both kinds of loadings are 
presented and exhibit a very important heterogeneity of strain, stress, temperature and stored energy at 
microstructure scale. In future works, this framework allows us to study the interaction between local constitutive 
law and stored quantities, between stored quantities and localisation of damage. An E.B.S.D mapping of 
experimental specimen is under progress and will be introduced in the model with experimental mechanical and 
thermal boundary conditions. It will enable a real comparison of thermal and mechanical fields and will provide a 
more quantitative analysis of local results. 
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